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Abstract 
Chemical looping reforming (CLR) is a relatively new method to produce hydrogen and is used to convert solid, liquid or gaseous 
fuels to energy. There are various advantages of this method such as inherent CO2 capture, minimal NOx emissions and the hydrogen 
production. In this process, there is no direct contact between the fuel and oxidizer. This method utilizes oxygen from the oxygen 
carrier which may be a metal oxide for combustion or for making hydrogen by reducing water. The idea is to split the combustion 
process into three separate sub-processes by employing three separate reactors: air reactor where the oxygen carrier is oxidized by 
air, fuel reactor where natural gas is oxidized to produce a stream of CO2and H2O and steam reactor where the steam is reduced to 
produce hydrogen. In this study, a thermodynamic model with iron oxides as oxygen carrier has been developed using Aspen Plus by 
employing conservation of mass and energy for all the components of the CLR system. The developed model was employed to 
investigate the effect of various operating parameters such as mass flow rates of air, fuel, steam and oxygen carrier (OC) on hydrogen 
production and key reactor temperatures. The results show that increase in steam and oxide flow rates decreases the H2 production 
whereas the increase in fuel flow rate increases the H2 production. 
 
© 2014 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of ICAE 
 
 
Keywords: chemical looping; energy storage; hydrogen production 
1. Introduction 
The interest in hydrogen as an energy carrier and fuel is growing due to concerns about the depletion of fossil fuels 
and the environmental impacts of the energy usage. Though the scale of this problem is global, but individual, local, 
national as well as international efforts as well as awareness are required to overcome it [1]. Hydrogen (H2) has many 
advantages. For example, it can be used in combustion engines, fuel cells, it also possesses high energy density, can be 
stored under high pressures, can be easily transported through pipelines and can be stored as metal hydrides. It has been 
established that hydrogen supply chain pathways will have a diminished carbon footprint [2]. The hydrogen produced 
can be used to meet peak load demands  through  fuel  cells,  internal combustion  engines  which  show  a  20%  enhanced  
performance  as  compared to gasoline engines [3] and through turbines. The hydrogen can be produced by various 
methods such as steam reforming, coal gasification and electrolysis. Some of these processes are very energy intensive 
or require high capital cost or may not be feasible for H2 production at large scale.  
Chemical looping method is an innovative and potentially promising method for H2 production and has lower 
environmental impact [4]. There are various advantages of this method such as inherent CO2 capture, minimal NOx 
emissions. In this method, there is no direct contact between the fuel and oxidizer. The oxygen is supplied to the fuel by 
using an oxygen carrier which is generally a transition metal such as Ni, Cu, Mn, etc. This concept has been applied on 
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a two reactor loop regarding hydrogen production by natural gas-steam reforming [3]. This paper aims to investigate the 
hydrogen production in a three reactor chemical looping process [5] which produces separate streams of H2 and CO2 as 
shown in Fig 1. The thermodynamic model developed is used to assess the influence of various operating parameters 
such as mass flow rates of air, fuel, steam and oxygen carrier on the hydrogen production. 
 
 
Fig.  1. Three reactor chemical looping process 
2. Model description 
The process flow model of a three reactor arrangement shown in Fig 2 is built using Aspen Plus. The thermodynamic 
model has been developed by employing conservation of mass and energy for all the cases. Thermodynamic equilibrium 
has been assumed for the calculations. The properties are evaluated using the property method Redlich-Kwong-Soave 
(RKS) equation of state with Boston-Mathias modifications [6]. The reactor employed is RGIBBS which assumed 
chemical and phase equilibrium based on Gibbs energy minimization concept. The circulating oxygen carrier is iron 
oxide with 70% (by weight) inert material MgAl2O4. Iron oxide has been selected based on the recommendation in 
literature since it gives high conversion of H2O into H2 [7]. Heat is stored and transferred by the inert material in order 
to lower the thermal stresses developed and manages the temperature drops of the solids. The mass flow rates, reactors 
specifications and the main assumptions used are similar to that of Cheisa et al [5] as shown in Table 1. The natural gas 
is oxidized by the Fe2O3 which is in the state of oxygen rich hematite. This endothermic process occurs in fuel reactor 
where the oxygen carrier is reduced to FeO (with some Fe3O4) as shown in reaction (1). The gaseous products obtained 
are CO2 and H2O from which pure CO2 can be obtained after water condensation. The reduced oxygen carrier FeO then 
enters steam reactor and reacts exothermically with steam to give Fe3O4 (magnetite) and mixture of H2 and H2O 
according to reaction (2). The iron oxide in magnetite state is fully oxidized to Fe2O3 by an exothermic reaction (3) in 
air reactor which acts as riser giving out oxygen depleted air. 
4 Fe2O3 + CH4 Æ8 FeO + 2 H2O + CO2 – 356.5 kJ/kmol                      (1) 
8 FeO + 8/3 H2O Æ 8/3 Fe3O4 + 8/3 H2 + 199.3 kJ/kmol                       (2) 
8/3 Fe3O4 + 2/3 O2 Æ 4 Fe2O3 + 314.6 kJ/kmol                                     (3) 
Table 1. Operating conditions 
Operating conditions (base case) Range 
Ambient conditions 15°C; 1.013 bar  
Natural gas molar composition (%) 79.75 CH4, 9.68 C2H4, 4.45 C3H8, 2.37 C4H10, 2.92 
CO2, 0.6 N2 
 
Chemical reactors operating 
pressure, bar 
AR: 15.38, FR: 18, SR: 20  
Air mass flow rate, kg/s 49.62 30 - 70 
Fuel mass flow rate, kg/s 7.639 3 – 10 
Steam mass flow rate, kg/s 40.04 12 - 51 
Oxide mass flow rate, kg/s 935 666.7 – 1333.3 
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Fig.  2. Aspen flow sheet of a three reactor chemical looping process 
3. Results and Discussions 
The thermodynamic model developed is validated with the work done by Chiesa et al [5]. The temperatures, 
pressures, flow rates and chemical compositions at the outlets of each reactor have been compared. The values obtained 
were very close to the values reported by Chiesa et al [5] where the largest difference is about 10%. This model is 
applied to investigate the effect of operating parameters such as mass flow rates of steam, fuel and oxide on the H2 
production and the exit stream temperatures of the reactors. The following sections discuss the effects in detail. 
3.1. Effect of steam mass flow rate 
The effect of steam mass flow rate is investigated by varying the steam mass flow rate from 12 kg/s to 51 kg/s. Fig. 
3 shows the effect of steam mass from rate on the amount of H2 produced. The results show that the H2 production 
increases with the increase in steam flow rate and reaches a maximum at the stoichiometry (~21 kg/s). Thereafter, the 
H2 production is constant. As the steam flow rate is increased, more Fe3O4 is produced in the steam reactor and becomes 
constant at the stoichiometric value. This results in the corresponding increase in Fe2O3 flow rate from the air reactor. 
Till the stoichiometric value, all of Fe2O3 is reduced to FeO in the fuel reactor and hence, the H2 production is the highest 
at that point. Fig 3 also shows the reactor temperature profiles. The reactor outlet temperatures increase till the 
stoichiometric value and then decrease thereafter. As the steam flow rate is increased, excess steam is being supplied to 
the reactor to achieve acceptable metal oxidation which consequently reduces the reactors outlet temperature. 
 
Fig.  3. Effect of steam flow rate on H2 
production and reactor temperatures 
Fig.  4. Effect of fuel flow rate on H2 
production and reactor temperatures  
Fig.  5. Effect of oxide flow rate on H2 
production and reactor temperatures 
3.2. Effect of fuel mass flow rate 
The fuel mass flow rate is varied from 3 kg/s to 10 kg/s. The results plotted in Fig. 4 shows that the H2 production 
increases with an increase in fuel mass flow rate until 8 kg/s and becomes constant for further increase. At lower fuel 
flow rates, a partial amount of Fe2O3 is reduced to FeO and the excess remains unreacted. This iron oxides mixture goes 
into the steam reactor where it is converted to Fe3O4 forming H2. At higher fuel flow rates, Fe2O3 is not present in the 
steam reactor and high steam conversion is observed due to the presence of oxygen poor iron oxide (FeO) only. At 8 
kg/s, all of Fe2O3 is reduced to FeO and any further increase in fuel flow rate does not affect the amount of FeO produced 
and hence, the H2 production remains constant. The reactors exit temperature profiles, shown in Fig. 4, depict that all 
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the reactor temperatures decrease with the increase in the fuel mass flow rate. This is expected since the reaction in the 
fuel reactor is endothermic and the increased mass flow rate results in a decrease in the reactor temperature. 
3.3. Effect of oxide mass flow rate 
The effect of oxide mass flow rate is investigated by varying the oxide mass flow rate from 666.7 kg/s to 1333.3 kg/s. 
The results, shown in Fig. 5, depict that the H2 production increases, reaches a maximum and then decreases with the 
increase in oxide flow rate. In the fuel reactor, at lower oxide flow rates, Fe2O3 is reduced to FeO only, which causes 
the increase in H2 production. A further increase in the oxide flow rate results in an excess amount of Fe2O3 which goes 
out of fuel reactor. This Fe2O3 oxidizes the H2 produced to form Fe3O4 in the steam reactor. Hence, the H2 production 
decreases. The temperature, at the exit of all the reactors are found to increase as the oxide mass flow rate is increased. 
This is due to the fact that, high oxide flow rate results in highly exothermic reaction in air reactor which consequently 
increases the temperature in the subsequent reactors.  
3.4. Effect of air mass flow rate 
The effect of varying air mass flow rate from 30 kg/s to 70 kg/s is shown in Fig. 6. H2 production increases with the 
air flow rate and reaches maximum at the stoichiometric value of air flow rate (~40 kg/s) and remains constant thereafter. 
Similarly, the amount of Fe2O3 produced in the air reactor increases with an increase in air flow rate till the stoichiometric 
value and then remains constant. The amount of H2 produced is correspondingly the highest at this point. The reactor 
temperatures are also maximum at the stoichiometric value. The temperatures decrease with further increase in air since 
the heat released during the exothermic reaction is absorbed by the excess air. 
Fig.  6. Effect of air flow rate on H2 production and reactor temperatures 
4. Conclusions 
The effect of varying different operating conditions of a three reactor chemical looping process on hydrogen 
production and key reactor temperatures has been studied in this paper. It was found that the increases in steam, fuel and 
air mass flow rates increase the H2 production till the stoichiometric values and then become insensitive. The increase 
of the oxide mass flow rate increases the H2 production, reaches a maximum value and afterward has a decreasing effect. 
From the results obtained, it can be noted that the H2 production is maximum at the stoichiometric values. 
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